The transition temperature shift (TTS) of the reactor pressure vessel materials is an important factor that determines the lifetime of a nuclear power plant. The prediction of the TTS at the end of a plant's lifespan is calculated based on the equation of Regulatory Guide 1.99 revision 2 (RG1.99/2) from the US. The fluence factor in the equation was expressed as a power function, and the exponent value was determined by the early surveillance data in the US. Recently, an advanced approach to estimate the TTS was proposed in various countries for nuclear power plants, and Korea is considering the development of a new TTS model. In this study, the TTS trend of the Korean surveillance test results was analyzed using a nonlinear regression model and a mixed-effect model based on the power function. The nonlinear regression model yielded a similar exponent as the power function in the fluence compared with RG1.99/ 2. The mixed-effect model had a higher value of the exponent and showed superior goodness of fit compared with the nonlinear regression model. Compared with RG1.99/2 and RG1.99/3, the mixed-effect model provided a more accurate prediction of the TTS.
Introduction
The surveillance test of a reactor pressure vessel (RPV) material is one of the main methods to evaluate the soundness of a nuclear power plant (NPP) [1] . The surveillance test consists of the Charpy impact test and tension test, and provides fundamental information regarding the irradiation embrittlement behavior of RPV materials that are exposed to neutron irradiation during the plant's operation [2e4] . Currently, the surveillance test of Korean light water reactors (LWRs) is based on the Regulatory Guide 1.99 revision 2 (RG1.99/2) from the US [5] . RG1.99/2 was approved in 1988, and it is an improved version of RG1.99/1. The theoretical basis of RG1.99/2 originated from the reports of Guthrie [6] and Odette [7] . Both Q3 researchers statistically analyzed the transition temperature shift (TTS) of RPV materials in NPPs of the US. The common results derived from the studies are as follows: (1) the base and weld metals showed different TTS behaviors; (2) the TTS was expressed as the product of the chemistry factor (CF) and fluence factor (FF); (3) the CF was a function of the composition of Cu and Ni; and (4) the FF was based on a power function, and the exponents ranged between 0.25 and 0.30. The FF increased rapidly in the low fluence region, and increased gradually in the high fluence region. By incorporating the four results, RG1.99/2 can be expressed as follows: 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55   56  57  58  59  60  61  62  63  64 As the number of NPPs in the US increased and with the accumulation of surveillance test results, an elaborate generic TTS prediction model was developed. RG1.99/3 [8], which was published in 2010, was based on a statistical model considering physically based correlation of the surveillance test results [9] . RG1.99/3 was extracted from irradiation test results regarding the high/low Cu RPV materials in the NPP and test reactors at pressurized water reactor/boiling water reactor conditions. The important feature of RG1.99/3 compared with RG1.99/2 is that the TTS is composed of the sum of the matrix damage (MD) term and the Cu-rich precipitates term. The summation of these two terms is based on the accumulated research results of irradiation damage in RPV materials. Although RG1.99/3 is a generic correlation function, its application in evaluating the soundness of Korean LWRs has several difficulties. The Cu concentrations of Korean RPV materials are < 0.072 weight (wt)% except for the Kori 1 unit weld (Linde 80 with 0.29 wt% Cu) [10] . In the case of materials with low concentrations of Cu, RG1.99/3 considers only the MD term for the calculation of the TTS because the Cu-rich precipitates term is eliminated when Cu is < 0.072 wt%. Additionally, the exponent of the FF is fixed as 0.5 and this is considerably large compared with the maximum value of RG1.99/2, 0.28. Although the exponent of FF in RG1.99/3 is not directly related to the FF of RG1.99/2 due to the difference between the models, it is notable that there is a significant difference in the trend in the effect of FF on the increase of the TTS between the two models.
Considering both RG1.99/2 and RG1.99/3, the exponent of the FF is important for the calculation of the TTS. A slight change in the exponent term of the FF drastically affects the TTS at high fluence. The TTS of Korean RPV materials can be underestimated at high fluence because RG1.99/2 has a decreasing exponent of the FF with increasing dose. By contrast, RG1.99/3 has a rather large exponent of the FF in the MD term, and the TTS trend of Korean RPV materials can be different from the existing trend at high fluence. Hence, there is a need for a statistical analysis of Korean RPV materials and appropriate estimation of the FF exponent. In this study, we analyzed the TTS trend of Korean surveillance test results with increasing fluence using an equation based on a power function that is similar to RG1.99/2. This analysis can provide a better understanding of the FF of RG1.99/2, and the accuracy of TTS prediction in the long-term operation can be increased.
Materials and methods

Q4
The surveillance test results from Korean LWRs were used as a base dataset. The data from Kori 1 unit welds (Linde 80) were excluded because of their high Cu contents. Kori 1 data showed exceptionally large TTS values compared with other data, and changed the trend of the total TTS relationship. The negative values of the TTS were also excluded because these values were infeasible for the model equation of the TTS used in this study. The trimmed dataset was designated as KSLC
Q5
. The grouped data with three or more surveillance test points in KSLC were collected separately. The identification criteria were nuclear power plant name, material type, and the direction of specimen preparation. The grouped data included 96 data points with 20 IDs, and the dataset was designated as KSLC3. . TTS, transition temperature shift. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 
